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Description 

MODULATED LASER WITH INTEGRAL 
PRE-DISTORTION CIRCUIT 

Background of Invention 

[0001] Directly modulated lasers and electro-absorption (EA) 

modulated lasers are often used to transmit data in ana- 
log transmission systems, such as cable television trans- 
mission systems. These analog transmission systems typ- 
ically use a pre-distortion circuit to compensate for dis- 
tortions that occur as a result of modulating the laser. 
Known pre-distortion circuits are physically located exter- 
nal to the laser package. 
Cross Reference to Related Applications 

[0002] This patent application claims priority to U.S. Provisional 

Patent Application Serial No. 60/481,207, filed on August 

11, 2003, the entire disclosure of which is incorporated 

herein by reference. 
Brief Description of Drawings 



[0003] This invention is described with particularity in the de- 
tailed description and the claims sections. The above and 
further advantages of this invention may be better under- 
stood by referring to the following description in conjunc- 
tion with the accompanying drawings, in which like nu- 
merals indicate like structural elements and features in 
various figures. The drawings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin- 
ciples of the invention. 

[0004] FIG. 1 illustrates a simplified block diagram of a known 
directly modulated optical transmitter that uses an exter- 
nal pre-distortion circuit. 

[0005] FIG. 2 illustrates a simplified block diagram of a directly 
modulated optical transmitter that includes an integrated 
pre-distortion circuit and directly modulated laser accord- 
ing to the present invention. 

[0006] FIG. 3 illustrates a simplified block diagram of an inte- 
grated pre-distortion circuit and directly modulated laser 
according to the present invention. 

[0007] FIG. 4 illustrates a simplified block diagram of an inte- 
grated pre-distortion circuit and EA modulated laser ac- 
cording to the present invention. 
Detailed Description 



[0008] Optical transmitters used for many analog applications, 
such as CATV transmission, are required to have ex- 
tremely good linearity in order to keep distortion signals 
to an acceptable level. The most significant distortion sig- 
nals caused by non-linearities are Composite Second Or- 
der (CSO) distortion signals. Discrete Second Order (DSO) 
intermodulation distortion signals. Composite Triple Beat 
(CTB) distortion signals and Discrete Third Order (DTO) 
intermodulation distortion signals. 

[0009] Discrete Second Order intermodulation signals are defined 
herein to mean signals that are produced when one or two 
carriers pass through a non-linear component. In other 
words, the discrete second order signals are the result of 
the non-linear processing of signals which generates a 
new signal at one or more frequencies given by the forms 

i' 1 ■'2' 1 ^2 
[0010] Discrete Third Order (DTO) intermodulation signals are 

defined herein as signals that are produced when two or 

three carriers pass through a non-linear element. In other 

words, the DTO product is the result of the non-linear 

mixing of signals which generates a new signal at one or 

more frequencies given by the forms: 3/ , / ±/ ±/ , 2 / 



[0011] Composite Second Order distortion is a well known dis- 
tortion effect in CATV transmission systems that can be 
introduced by both the optical transmitter and by the op- 
tical fiber link. Composite Second Order distortion is de- 
fined herein to mean any combination or superposition of 
distortion signals resulting from nonlinear mixing of two 
signals having different frequencies (i.e. / ±f ) within the 

a b 

frequency band of interest. Composite Second Order dis- 
tortion includes all discrete second-order products that 
are at the same nominal frequency in a multi-tone sys- 
tem. Quantitatively, CSO is defined as the difference (in 
dB) between the RMS voltage of the carrier at its peak and 
the RMS voltage of superposition. Composite second or- 
der distortion generally increases with an increasing opti- 
cal intensity modulation index of the optical modulator. 
[0012] Composite Triple Beat distortion signals, which are also 
called composite third-order distortion signals, are de- 
fined herein to mean a superposition or composite of 
third-order distortion signals resulting from the nonlinear 
mixing of two or three different frequencies (i.e. mf ±nf , 

a b 

where m and n are integers having a sum equal to three or 
f ±f ±f ) within the frequency band of interest. 

a b c 

[0013] Composite Triple Beat distortion is caused when three 



fundamental signals combine or when second harmonic 
signals combine with a fundamental signal. Composite 
Triple Beat distortion can appear as low-frequency inter- 
ference on video signals. Composite Triple Beat distortion 
generally increases as the number of channels increases. 
Many second order and third order distortion products are 
present in narrow frequency bands or essentially at a sin- 
gle frequency because of typical frequency assignments 
used in commercial communication systems. Quantita- 
tively, CTB is defined as the difference (in dB) between the 
RMS voltage of the carrier measured at its peak and the 
RMS voltage of this superposition. 
[0014] Directly modulated lasers, EA modulated lasers, and ex- 
ternally modulated lasers often produce CSO and CTB dis- 
tortion signals and DSO and DTO intermodulation distor- 
tion signals that can prevent the transmitter from achiev- 
ing the required linearity for many analog applications, 
such as CATV transmission applications. Typical specifica- 
tions for CSO and CTB for CATV applications are in the 
range of -67dB and -70dB respectively over a IMhz chan- 
nel bandwidth. To achieve these specifications, more than 
lOdB of correction can be required. Pre-distortion tech- 
niques are typically used to improve linearity in many 



analog applications. 

[0015] These pre-distortion techniques compensate for non- 
linearities introduced by the modulation process. One 
type of pre-distortion technique creates pre-distortion 
signals that are complimentary to the distortions that are 
generated by the modulation process. The pre-distortion 
signals are then superimposed onto the modulation drive 
signal to compensate for distortion signals generated by 
the modulation process. A properly designed pre- 
distortion circuit can significantly counteract the distor- 
tion generated by the modulation process. 

[0016] FIG. 1 illustrates a simplified block diagram of a known 
directly modulated optical transmitter 100 that uses an 
external pre-distortion circuit 102. The transmitter 100 
includes a RF pre-amplifier 104 having an input 106 that 
receives a modulation signal from a modulation source 
(not shown). The pre-amplifier 104 generates an ampli- 
fied modulation signal at an output 108 having a signal 
level that is suitable for the pre-distortion circuit 102. 

[0017] The output 108 of the pre-amplifier 104 is electrically 
connected to an input 110 of the pre-distortion circuit 
102. The pre-distortion circuit 102 generates a pre- 
distortion signal that compensates for the distortion that 



is produced during tlie modulation process. One type of 
pre-distortion circuit produces distortion products that 
are the compliment of the distortion products produced in 
the modulation process. When the signal containing these 
complimentary distortion products is applied to the mod- 
ulator there is a vector cancellation of the distortion prod- 
ucts produced by the modulator. The pre-distortion cir- 
cuit 102 generates a signal at an output 112 that includes 
a superposition of the pre-distortion signal and the mod- 
ulation signal. 

[0018] The output 112 of the pre-distortion circuit 102 is electri- 
cally connected to an input 114 of an amplifier 116. The 
amplifier 116 generates a laser modulation signal at an 
output 118 that includes the superposition of the modu- 
lation signal and the pre-distortion signal amplified to the 
appropriate signal level for direct modulation. The output 
118 of the amplifier 116 is electrically connected to a 
modulation input 120 of a directly modulated laser 122. 
The laser 122 generates a modulated optical signal at an 
output 124. An optical fiber 126 is coupled to the output 
124 of the laser 122. 

[0019] A properly designed transmitter with a pre-distortion cir- 
cuit 102 can significantly reduce the level of distortion in 



the modulated optical signal generated by the laser 122. 
In order to achieve acceptable linearity for many analog 
applications, the amplitude and phase response of the 
pre-distortion signal as a function of frequency must be 
preserved to a very high degree as the signal propagates 
down the signal path to the modulation input 120 of the 
directly modulated laser 122. 

[0020] Thus, the amplifier 116, and any additional circuitry fol- 
lowing the pre-distortion circuit 102, should have a very 
flat amplitude and phase response as a function of fre- 
quency over the bandwidth of the modulation signal. The 
flat amplitude and phase response is necessary to main- 
tain the amplitude and phase of the pre-distortion signals 
superimposed on the modulation signal so that the vector 
cancellation of the distortions caused by the modulation 
process is achieved. 

[0021] Many analog transmission systems, such as CATV trans- 
mission systems, occupy more than a decade of band- 
width. Consequently, equalization circuits are sometimes 
used to achieve the required level of flatness in amplitude 
and phase response that is necessary to achieve the re- 
quired level of linearity of the transmitter. These equaliza- 
tion circuits add cost, complexity, and calibration time to 



the transmitter, 
[0022] The present invention relates to integrating a pre- 

distortion circuit witli a modulated laser, such as a directly 
modulated laser, EA modulated laser, or externally modu- 
lated laser. Integrating the pre-distortion circuit with the 
modulated laser can eliminate the need for an amplifier 
between the pre-distortion circuit and the modulated 
laser and, therefore, can eliminate the need for an equal- 
ization circuits and other interface components, such as 
impedance matching components, drivers, and biasing 
networks. 

[0023] In addition, integrating the pre-distortion circuit with the 
modulated laser can improve impedance matching be- 
tween the pre-distortion circuit and the modulated laser 
and, therefore, can reduce the size, complexity, and cost 
of the transmitter. Impedance matching networks can be a 
source of amplitude and phase aberrations that can de- 
grade the performance of the pre-distortion circuit. Inte- 
grating the pre-distortion circuit into the laser package 
allows the designer to match the output impedance of the 
pre-distortion circuit to the input impedance of the laser, 
thus eliminating the need for a matching circuit and im- 
proving the performance of the pre-distortion circuit. 



Also, integrating tlie pre-distortion circuit with tlie laser 
allows those skilled in the design of CATV circuits but not 
skilled in electrooptics to build high-performance laser 
transmitters. 

[0024] FIG. 2 illustrates a simplified block diagram of an optical 
transmitter 150 that includes an integrated pre-distortion 
circuit and directly modulated laser 152 according to the 
present invention. The optical transmitter 150 also in- 
cludes a RF pre-amplifier 154 having an input 156 that 
receives a modulation signal from a modulation source 
(not shown). The pre-amplifier 154 generates an ampli- 
fied modulation signal at an output 158 having a signal 
level that is suitable for amplification by a driver amplifier 
160. 

[0025] The output 158 of the pre-amplifier 154 is connected to 
an input 162 of the laser driver amplifier 160. The laser 
driver amplifier 160 generates an amplified modulation 
signal at an output 164 having a signal level that is suit- 
able for modulation. The output 164 of the laser driver 
amplifier 160 is connected to a modulation input 166 of 
the integrated pre-distortion circuit and the directly mod- 
ulated laser 152. 

[0026] The pre-distortion circuit in the integrated pre-distortion 



circuit and directly modulated laser 152 generates a pre- 
distortion signal that compensates for the distortion that 
is produced during modulation and combines the pre- 
distortion signal with the amplified modulation signal to 
generate a pre-distorted modulation signal. The inte- 
grated pre-distortion circuit and directly modulated laser 
152 modulates the pre-distorted modulation signal and 
generates a modulated optical signal at an output 168. An 
optical fiber 170 is coupled to the output 168. The pre- 
distortion signal causes a vector cancellation of the dis- 
tortion signals produced when modulating the amplified 
modulation signal with the integrated directly modulated 
laser. 

[0027] The integrated pre-distortion circuit and directly modu- 
lated laser 152 eliminates the equalization circuits and 
components, such as impedance matching circuits, 
drivers, and biasing networks between the pre-distortion 
circuit and the modulation input of the directly modulated 
laser that are used in known transmitters including di- 
rectly modulated lasers. Therefore, integrating the pre- 
distortion circuit with the directly modulated laser 152 re- 
duces or eliminates the possibility of introducing ampli- 
tude and phase distortion in the signal path between the 



pre-distortion circuit and tlie modulation input of the di- 
rectly modulated laser. Reducing or eliminating amplitude 
and phase distortion in the signal path between the pre- 
distortion circuit and the modulation input of the directly 
modulated laser can result in a greater degree of distor- 
tion cancellation, which can result in better transmitter 
performance. 

[0028] FIG. 3 illustrates a simplified block diagram of an inte- 
grated pre-distortion circuit and directly modulated laser 
200 according to the present invention. The integrated 
pre-distortion circuit and directly modulated laser 200 in- 
cludes an integrated pre-distortion circuit 202 and a 
semiconductor directly modulated laser 204. The pre- 
distortion circuit 202 can be one of numerous types of 
pre-distortion circuits that are known in the art. The 
semiconductor laser 204 can be one of numerous types of 
semiconductor lasers, such as a distributed feedback 
(DFB) laser. 

[0029] The integrated pre-distortion circuit 202 shown in FIG. 3 
includes a first shunt-type pre-distortion circuit 206 that 
uses non-linearities inherent in semiconductor diodes to 
create third-order pre-distortion signals that are used to 
cancel the third-order distortion signals generated by the 



modulation process. The first sliunt-type pre-distortion 
circuit 206 includes a RF input 208 that receives the de- 
sired RF modulation signal that is generated by a modula- 
tion source (not shown). The first shunt-type pre- 
distortion circuit 206 also includes a CTB bias input 210 
that receives a DC bias signal from a DC power supply 
(not shown) that bias the diodes in the first shunt-type 
pre-distortion circuit 206 to the appropriate bias point for 
generating the desired third-order distortion signal. 

[0030] The first shunt-type pre-distortion circuit 206 generates a 
CTB pre-distortion signal that is sufficient to cancel third- 
order distortion signals generated by the modulation pro- 
cess. The first shunt-type pre-distortion circuit 206 then 
superimposes the CTB pre-distortion signal onto the RF 
modulation signal and generates a RF modulation signal 
including the CTB pre-distortion signals at an output 212. 

[0031] The integrated pre-distortion circuit 202 also includes a 
second shunt-type pre-distortion circuit 214 that uses 
non-linearities inherent in semiconductor diodes to create 
second-order pre-distortion signals that are used to can- 
cel the second-order distortion signals generated by the 
modulation process. The second shunt-type pre- 
distortion circuit 214 includes an input 216 that receives 



the RF modulation signal including the CTB pre-distortion 
signal that was generated by the first shunt-type pre- 
distortion circuit 206. The amplitude and phase response 
as a function of frequency of the CTB pre-distortion signal 
superimposed onto the RF modulation signal is main- 
tained because the physical distance between the output 
212 of the first shunt-type pre-distortion circuit 206 and 
the input 216 of the second shunt-type pre-distortion 
circuit 214 is very short. 

[0032] The second shunt-type pre-distortion circuit 214 also in- 
cludes a CSO bias input 218 that receives a DC bias signal 
from a DC power supply (not shown) that bias the diodes 
in the second shunt-type pre-distortion circuit 214 to the 
appropriate bias point for generating the desired second- 
order distortion signal. The second shunt-type pre- 
distortion circuit 214 generates a CSO pre-distortion sig- 
nal that is sufficient to cancel second-order distortion 
signals generated by the modulation process. 

[0033] The second shunt-type pre-distortion circuit 214 then 
superimposes the CSO pre-distortion signal onto the RF 
modulation signal including the CTB pre-distortion signal 
that was generated by the first shunt-type pre-distortion 
circuit 206 at an output 220. The resulting pre-distorted 



modulation signal includes the RF modulation signal and 
the CSO and the CTB pre-distortion signals that are suffi- 
cient to cancel both the second- and the third-order dis- 
tortion signals that are generated in the modulation pro- 
cess. Numerous other pre-distortion circuit topologies are 
possible. For example, another pre-distortion circuit ac- 
cording to the present invention includes a single pre- 
distortion circuit with two bias inputs that creates both 
the second- and the third-order pre-distortion signals. 
[0034] The output 220 of the pre-distortion circuit 202 is cou- 
pled to a modulation input 222 of the laser 204 by a 
transmission line 221. A capacitor 224 can be inserted 
into the transmission line 221 to block any DC compo- 
nents in the pre-distorted modulation signal. In one em- 
bodiment, the characteristic impedance of the transmis- 
sion line 221 is chosen so that the amplitude and the 
phase response of the pre-distorted modulation signal as 
a function of frequency is maintained along the transmis- 
sion line 221. 

[0035] In one embodiment of the invention, the characteristic 

impedance of the transmission line 221 is chosen to sub- 
stantially match at least one of the output impedance of 
the pre-distortion circuit 202 and the input impedance of 



the modulation input 222 of tlie laser 204. Known pre- 
distortion circuits are designed to worl< witli transmission 
lines that have standard or commonly available character- 
istic impedance. Integrating the pre-distortion circuit 202 
and the directly modulated laser 204 into a single pack- 
age as shown in FIG. 3 allows the designer to use the op- 
timal characteristic impedance without regard to limita- 
tions imposed by commonly available transmission lines. 

[0036] The laser 204 also includes a bias input 226 this is con- 
nected to a DC power supply (not shown) that generates a 
current that biases the laser 204 at the appropriate oper- 
ating point. An inductor 228 can be connected in series 
with the bias input 226 and used to block AC modulation 
signals from the pre-distortion circuit 202. The laser 204 
generates a linearized modulated optical signal at an out- 
put 230. The output 230 can be connected to an optical 
fiber 232 that transmits data through an optical fiber 
communication system. 

[0037] The amplitude and phase response of the pre-distorted 
modulation signal as a function of frequency can be sub- 
stantially maintained after the pre-distorted modulation 
signal is generated and before it is received by the modu- 
lation input 222 of the laser 204. The amplitude and 



phase response of the pre-distorted modulation signal 
can be substantially maintained because the physical dis- 
tance between the output 220 of the pre-distortion circuit 
202 and the modulation input 222 of the laser 204 is very 
short. In addition, the amplitude and phase response of 
the pre-distorted modulation signal can be maintained 
because of the lack of impedance matching and amplifica- 
tion circuitry between the output 220 of the pre- 
distortion circuit 202 and the modulation input 222 of the 
laser 204. 

[0038] The pre-distortion circuit 202 and directly modulated 

laser 204 can be fabricated monolithically. For example, 
the pre-distortion circuit 202 and directly modulated laser 
204 can be fabricated on a single die that is used for an 
optical component in the laser package. Alternatively, the 
pre-distortion circuit 202 and directly modulated laser 
204 can be fabricated on separate dies and then inte- 
grated into one package. The separate dies can be rela- 
tively small and inexpensive and can use different fabrica- 
tion processes and materials. 

[0039] Integrating the pre-distortion circuit 202 and the directly 
modulated laser 204 on one die or two separate dies in 
close proximity in the same package reduces temperature 



variations between tlie pre-distortion circuit 202 and tlie 
directly modulated laser 204. Temperature dependent 
non-linearities can be experienced by both the pre- 
distortion circuit 202 and the directly modulated laser 
204. A properly designed integrated pre-distortion circuit 
202 can generate a pre-distortion signal that cancels any 
temperature dependent non-linearities that are generated 
during modulation. In embodiments where the directly 
modulated laser 204 includes a temperature controller, 
the pre-distortion circuit 202 can be mounted on the 
same temperature controlling element as the laser 204. 

[0040] The integrated pre-distortion circuit according to the 
present invention can be used with numerous types of 
modulated lasers. For example, the integrated pre- 
distortion circuit can be used with an EA modulated laser 
or with an integrated Electro-Absorption Modulated Laser 
(EML). FIG. 4 illustrates a simplified block diagram of an 
integrated pre-distortion circuit and EA modulated laser 
300 according to the present invention. 

[0041] The integrated pre-distortion circuit and EA modulated 

laser 300 is similar to the integrated pre-distortion circuit 
and directly modulated laser 200 described in connection 
with FIG. 3. However, the integrated pre-distortion circuit 



and EA modulated laser 300 includes a CW laser 302 fol- 
lowed by an EA modulator 304. A bias input 306 of the 
CW laser 302 is connected to a DC power supply (not 
shown). The DC power supply generates a current that bi- 
ases the CW laser 302. The CW laser 302 generates a CW 
optical signal at an output 308. 

[0042] The EA modulator 304 has an optical input 310 that is 

positioned in optical communication with the output 308 
of the CW laser 302. The EA modulator 304 also has a 
bias and modulation input 312 that is electrically con- 
nected to a DC power supply (not shown) that generates a 
voltage that biases the EA modulator 304 at the appropri- 
ate operating point. An inductor 314 can be used to block 
AC modulation signals from the pre-distortion circuit 202. 

[0043] The bias and modulation input 312 is also electrically 
connected to an output 220 of the pre distortion circuit 
202. A capacitor 224 can be inserted into the transmis- 
sion line 221 to block any DC components in the pre- 
distorted modulation signal. In one embodiment, the 
characteristic impedance of the transmission line 221 is 
chosen so that the amplitude and phase response of the 
pre-distorted modulation signal as a function of fre- 
quency is maintained along the transmission line 221. 



[0044] jhe EA modulator 304 generates a linearized modulated 
optical signal at an output 316. The output 316 can be 
coupled to an optical fiber 232 that transmits data 
through an optical fiber communication system. In one 
embodiment, the amplitude and phase response of the 
pre-distorted modulation signal as a function of fre- 
quency is maintained after the pre-distorted modulation 
signal is generated and before it is received by the bias 
and modulation input 312 of the EA modulator 304. 

[0045] The amplitude and phase response of the pre-distorted 
modulation signal can be maintained because the physical 
distance between the output 220 of the pre-distortion 
circuit 202 and the bias and modulation input 312 of the 
EA modulator 304 is very short. In addition, the amplitude 
and phase response of the pre-distorted modulation sig- 
nal can be maintained because of the lack of impedance 
matching and amplification circuitry between the output 
220 of the pre-distortion circuit 202 and the bias and 
modulation input 312 of the EA modulator 304. 

[0046] The pre-distortion circuit 202, CW laser 302, and EA 

modulator 304 can be fabricated monolithically. For ex- 
ample, the pre-distortion circuit 202, CW laser 302, and 
EA modulator 304 can be fabricated on a single die that is 



used for an optical component in the laser package. Alter- 
natively, the pre-distortion circuit 202, CW laser 302, and 
EA modulator 304 can be fabricated on two or three sepa- 
rate dies and then integrated into one package. The sepa- 
rate dies can be relatively small and inexpensive and can 
use different fabrication processes and materials. 
[0047] Integrating the pre-distortion circuit 202, CW laser 302, 
and EA modulator 304 on one, two, or three separate dies 
in close proximity in the same package reduces tempera- 
ture variations between the components. A properly de- 
signed integrated pre-distortion circuit 202 can generate 
a pre-distortion signal that cancels any temperature de- 
pendent non-linearities. In the case of a cooled CW laser, 
the pre-distortion circuit 202 can be mounted on the 
same temperature controlling element as the CW laser 
302. 

[0048] While the invention has been particularly shown and de- 
scribed with reference to specific embodiments, it should 
be understood by those skilled in the art that various 
changes in form and detail may be made therein without 
departing from the spirit and scope of the invention as 
defined herein. 



